Glycogen synthase kinase 3β (GSK3β) is implicated in many biological events, including embryonic development, cell differentiation, apoptosis, and insulin response. 
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(TNF-α) as well as cellular stresses (16) (17) (18) . The JNK/SAPK pathway, which is associated with stress-induced cellular events including cell death (20) (21) (22) (23) (24) (25) (26) (27) , is composed of JNK/SAPK, a MAP2K such as MKK4 (also known as SEK1 or JNKK1) and MKK7, and a MAP3K such as MEKK1 (16) (17) (18) .
To provide further insight into the regulatory role of GSK3β in intracellular signaling cascades, we have now investigated the effect of this enzyme on the JNK/SAPK pathway. We show that GSK3β physically associates with and activates MEKK1, thereby stimulating the JNK/SAPK pathway. The PI3K-Akt signaling inhibited the GSK3β-induced activation of MEKK1. Furthermore, the activity of endogenous MEKK1 was reduced in mouse embryonic fibroblasts (MEFs) derived from GSK3β knockout (GSK3β -/-
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Experimental Procedures
Antibodies-Mouse monoclonal antibodies to GSK3β and to Axin as well as rabbit polyclonal antibodies against MEKK1 and ASK1 were purchased from Santa Cruz Biotechnology. Mouse monoclonal antibody to JNK1 was from BD Pharmingen.
Mouse monoclonal antibodies to the hemagglutinin epitope (HA) and to the Flag epitope were obtained from Roche Molecular Biomedicals and Stratagene, respectively.
Plasmid Constructs-MEKK1 constructs used were prepared as described previously (28). GSK3β, GSK3β(K85A) and GSK3β(S9A) cDNAs were isolated by the polymerase chain reaction using primers (5'-GCGGAATTCATGTCAGGGCGGCCCAGA-3' and 5'-CGCCTCGAGGGTGGAGTTGGAAGCTGATGC-3'), and cloned into pCMV5-Flag (Kodak Co.). cDNAs for GSK3β deletion mutants (NT, CEN, ∆N and ∆C) were made by the polymerase chain reaction and cloned into the EcoRI/XhoI sites of pcDNA3-HA (Invitrogen).
Cell Culture and Transfection-Human embryonic kidney 293 (HEK293) and rat neuroblastoma B103 cells were maintained under a humidified atmosphere of 5% CO 2 at 37°C in Dulbecco's modified Eagle's medium supplemented with 10% heatinactivated fetal bovine serum and 100 U/ml penicillin/streptomycin (Invitrogen). Cells were transiently transfected with the use of GenePORTER II (Gene Therapy Systems), by the calcium phosphate method, or by electroporation. Co-immunoprecipitation-Cells were lysed in buffer A, consisting of 20 mM Tris-HCl (pH 7.4), 150 mM sodium chloride, 1% Triton X-100, 1% deoxycholate, 12 mM β-glycerphosphate, 10 mM sodium floride, 5 mM EGTA, and 1 mM phenylmethylsulfonyl fluoride. Cell lysates were subjected to centrifugation at 12,000
x g for 15 min at 4°C, and the resulting supernatants were subjected to immunoprecipitation with appropriate antibodies. The resulting precipitates were washed four times with buffer A and then examined by SDS-PAGE and immunoblot analysis.
Immunocomplex Kinase Assays-Cells were lysed in buffer A, and the cell lysates were subjected to immunoprecipitation as described above. The resulting immunoprecipitates were assayed for enzymatic activities of the indicated protein kinases as described previously (29, 30). Phosphorylated proteins were separated by SDS-PAGE, and the extent of phosphorylation was quantified with a Fuji-BAS2500
imager. Bacterially expressed glutathione S-transferase (GST)-fusion proteins of cJun(1-79), SAPKβ(K55R), SEK1(K129R) and β-catenin were used as substrates for JNK/SAPK, SEK1, MEKK1, and GSK3β, respectively. (Fig. 1A ). This effect of UV irradiation was enhanced by ectopic expression of GSK3β but not by that of the mutant GSK3β(K85A), which is catalytically inactive (31). Rather, GSK3β(K85A) inhibited the UV-induced activation of SAPKβ. Whereas overexpressed GSK3β also increased the basal activity of SAPKβ, it did not enhance either the basal activity or the phorbol 12-myristate 13-acetate (PMA)-stimulated activity of ERK2 (Fig. 1A) .
We next examined whether GSK3β affects the activities of SEK1 and MEKK1, which function as MAP2K and MAP3K of JNK/SAPK, respectively. Overexpressed GSK3β increased in both the basal and UV-stimulated activities of SEK1 and MEKK1
( Fig. 1 , B and C). In contrast, GSK3β did not increase the activity of apoptosis signalregulating kinase 1 (ASK1) (data not shown), which also functions as a MAP3K of JNK/SAPK (32). Furthermore, the GSK3β-induced activation of JNK1/SAPKγ was inhibited by expression of MEKK1(K1253M) (Fig. 1D) , a catalytically-inactive mutant of MEKK1, but not by ASK1(K709R), a kinase-inactive mutant of ASK1.
Collectively, these results suggest that GSK3β induces the activation of MEKK1, thereby triggering JNK/SAPK activation.
We then examined the possible effect of GBP, an intracellular inhibitor of GSK3β (7), on the activation of MEKK1 by GSK3β. Overexpressed GBP inhibited the GSK3β-induced increase in MEKK1 activity ( Fig. 2A) 
Akt Inhibits GSK3β-Induced MEKK1 Activation-Akt phosphorylates GSK3β on Ser
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Akt(K179A). Akt-CA is a myristoylated form of Akt that is constitutively active (37), and Akt(K179A) is a kinase-inactive mutant of Akt. Ectopic GSK3β induced MEKK1 activation in the transfected cells, and this activation was inhibited by Akt-CA but not by Akt(K179A) (Fig. 6A) . In contrast, Akt-CA failed to inhibit MEKK1 activation induced by GSK3β(S9A), which is resistant to the Akt-mediated phosphorylation as a result of the substitution of Ser 9 with Ala.
Insulin initiates the activation of PI3K that in turn induces Akt activation (38-40).
We thus investigated whether insulin is also able to block the GSK3β-induced activation of MEKK1. The activation of MEKK1 by GSK3β in transfected HEK293 cells was inhibited by an exposure of the cells to insulin (Fig. 6B) . Furthermore, the inhibitory effect of insulin was abolished by the PI3K inhibitor wortmannin. These results suggest that the insulin-activated PI3K negatively regulates the activation of MEKK1
by GSK3β.
The Kinase-Inactive Mutant MEKK1(K1253M) Blocks GSK3β-Induced Apoptosis-
GSK3β has been shown to induce cell death in several studies (31, 41). Persistent activation of MEKK1 also induces apoptosis (42, 43). We therefore investigated the possibility that MEKK1 activation mediates apoptosis induced by GSK3β.
Neuroblastoma B103 cells were transiently transfected with vectors encoding GSK3β or GSK3β(S9A) in the absence or presence of a vector for the dominant-negative mutant MEKK1(K1253M), after which the cells were examined for apoptosis (Fig. 7) . . These data thus suggest that GSK3β functions as a natural activator of MEKK1.
Discussion
We have shown that GSK3β physically interacts with and activates MEKK1, thereby triggering the JNK/SAPK signaling pathway. Insulin-activated PI3K and Akt inhibited the GSK3β-induced activation of MEKK1. Furthermore, MEKK1 activity was reduced in MEFs from GSK3β -/-mice compared with that in MEFs from wild-type animals, and forced expression of GSK3β increased MEKK1 activity in the cells from GSK3β -/-mice.
Our data thus indicate that GSK3β is an activator of MEKK1.
Axin, a GSK3β-interacting protein, was also recently shown to interact directly with In this study we demonstrate that insulin inhibited the activation of MEKK1 by GSK3β, and that this effect of insulin was abolished by the PI3K inhibitor wortmannin. and further incubated for 30 min. In (B), GST-SEK1 expressed in the transfected cells was isolated from cell lysates with the use of glutathione-agarose beads and then assayed for kinase activity with GST-SAPKβ(K55R) as substrate. In (C), cell lysates were subjected to immunoprecipitation with antibody to HA, and the resulting precipitates were assayed for MEKK1 activity with GST-SEK1(K129R) as substrate. GST-JNK1 was precipitated from cell lysates with glutathione-agarose beads and assayed for kinase activity with GST-c-Jun(1-79) as substrate.
FIG. 2. Effects of GBP and LiCl on the JNK/SAPK signaling pathway. A,
HEK293 cells were transfected for 48 h with plasmid encoding HA-MEKK1 either alone or together with plasmids for GSK3β-Flag and GBP, as indicated. Cell lysates were then subjected to immunoprecipitation with anti-HA antibody, and the resulting precipitates were assayed for MEKK1 activity with GST-SEK1(K129R) as substrate.
Cells were also subjected to immunoblot analysis with antibodies to HA or to Flag. B, 
